Abstract Explanations for distinct adjacent ecosystems that extend across hilly landscapes typically point to differences in climate or land use. Here we document-within a similar climate-how contrasting regional plant communities correlate with distinct underlying lithology and reveal how differences in water storage capacity in the critical zone (CZ) explain this relationship. We present observations of subsurface CZ structure and groundwater dynamics from deep boreholes and quantify catchment-wide dynamic water storage in two Franciscan rock types of the Northern California Coast Ranges. Our field sites have a Mediterranean climate, where rains are out of phase with solar energy, amplifying the importance of subsurface water storage for periods of peak ecosystem productivity in the dry season. In the deeply weathered (~30 m at ridge) Coastal Belt argillite and sandstone, ample, seasonally replenished rock moisture supports an evergreen forest and groundwater drainage sustains baseflow throughout the summer. In the Central Belt argillite-matrix mélange, a thin CZ (~3 m at ridge) limits total dynamic water storage capacity (100-200 mm) and rapidly sheds winter rainfall via shallow storm and saturation overland flow, resulting in low plant-available water (inferred from predawn tree water potential) and negligible groundwater storage that can drain to streams in summer. This storage limitation mechanism explains the presence of an oak savanna-woodland bounded by seasonally ephemeral streams, despite >1,800 mm of average precipitation. Through hydrologic monitoring and subsurface characterization, we reveal a mechanism by which differences in rock type result in distinct regionally extensive plant communities under a similar climate.
Introduction
Large-scale variations in the vegetation composition across landscapes are commonly explained by climatic gradients, which exert a primary control on water and energy availability (Holdridge, 1947; Stephenson, 1990; Whittaker, 1975) . However, within any particular climate, distinct plant communities may coexist, unexplained by regional temperature or precipitation. These vegetation mosaics may result from patterns Plants in upland landscapes with thin soils may survive on water extracted from the weathered bedrock from below the soil, exploiting either groundwater (e.g., Miller et al., 2010) or rock moisture (sensu Salve et al., 2012; ) from tens of meters below the ground surface (e.g., Anderson et al., 1995; Arkley, 1981; Bales et al., 2011; Eliades et al., 2018; Jones & Graham, 1993; Lewis & Burgy, 1964; Miller et al., 2010; Rose et al., 2003; Sternberg et al., 1996; Zunzunegui et al., 2018; Zwieniecki & Newton, 1996) . These and other previous studies in seasonally dry environments, however, have focused on local, site-specific plant water use and have not explicitly addressed larger-scale relationships between dominant vegetation patterns and the spatial availability of moisture beneath the soil.
Research in critical zone science now suggests that there may be predictable, lithologically controlled regional patterns of weathered bedrock thickness across landscapes (Riebe et al., 2017) . The depth and extent of weathering and the associated porosity increase must control the potential for moisture storage (e.g., Klos et al., 2018) , which, in turn, should affect the composition of aboveground plant community assemblages, especially in seasonally dry environments. This leads to the hypothesis that bedrock weathering patterns and associated water storage capacity should have a profound-yet hitherto undocumented-effect on regional patterns of plant water use, productivity, and species distribution in seasonally dry climates. This emerging view has not yet been tested. It presents a challenge because the extent of bedrock weathering is difficult to measure (typically requiring drilling or geophysics), and therefore difficult to document at large spatial scales.
Here we explore whether differences in subsurface critical zone development associated with differences in lithology can provide an explanation for a dramatic regional-scale contrast in dominant vegetation assemblage that extends for over 200 km (Figures 1-3 ). Our study region is located along the unglaciated Northern California Coast Ranges, where adjacent landscapes, underlain by different lithologic units of the Franciscan Formation complex support strikingly different plant communities. To the west, a towering evergreen forest mantles the steep hillslopes of the Coastal Belt, comprised of turbidite sequences of argillite, sandstone, and minor conglomerate. Sharply juxtaposed to the east are the rolling hills of the Central Belt, which is a mélange of geochemically similar yet metamorphosed and pervasively deformed Coastal Belt material. In the Central Belt mélange, the vegetation is a sparse deciduous-oak annual-grass savannawoodland (Figures 1-3 ). These differences in plant communities occur despite the fact that both landscapes experience essentially the same annual rainfall (>1,800 mm) and mean annual temperature (about 13°C). As Figure 4 shows, 1,800 mm greatly exceeds the expected precipitation range of a grassland savanna. Simply put, why would grassland savanna be the dominant vegetation in such a wet environment?
To test the hypothesis that the subsurface critical zone water storage capacity controls regional-scale vegetation distribution, we combine an analysis of regional-scale geologic maps, remotely sensed land cover and plant characteristics with a field-based "unit hillslope" approach at individual, intensively monitored sites. Landscapes are a collection of hillslopes bordered by channels that collect and drain watersheds. Rather than attempt to characterize the critical zone properties over a large area (which is presently very difficult to do), we focus on intensive measurements of properties and processes on what we estimate to be a representative (unit) hillslope within a given lithology. We assume that the commonality of topographic form between repeating adjacent hillslopes reflects a commonality in the underlying weathering zone structure. This is consistent with current theories for critical zone evolution that propose that subsurface properties vary systematically with hillslope topography and lithology (Riebe et al., 2017) . We then use the mechanistic understanding gained at the unit hillslope scale to interpret and explain watershed and regional-scale runoff, water budgets, and plant community assemblage dependence on critical zone properties.
Prior studies have generated extensive documentation of a unit hillslope ("Rivendell") in the foresteddominated Coastal Belt (Kim et al., 2014; Link et al., 2014; Oshun et al., 2016; Rempe & Dietrich, 2014 Salve et al., 2012) . We initiated a new unit hillslope study in the Central Belt by exploring the subsurface with deep boreholes, establishing a network of monitoring wells, and monitoring weather and stream runoff. Here we report the results of this study, as well as new data for both sites on end-of-summer [Homer et al., 2015] ) and Franciscan bedrock geology (b; Langenheim et al., 2013) . Blue lines in (a) show primary forks of the Eel River. Map inspired by Figure 2 of Lovill et al. (2018). predawn tree water potentials, composite annual time series of remotely sensed vegetation indices, bulk mineralogy and geochemistry, and tree canopy cover. For the Central Belt site, we also report new cosmogenic nuclide-based erosion rates, dissolved oxygen concentrations in groundwater, scanning electron microscopy imagery of fresh bedrock, and historical air photo analysis.
Site Description

Location and History
The two field sites, Angelo Coast Range Reserve ("Angelo," in the Coastal Belt) and the Sagehorn-Russell Ranch ("Sagehorn," in the Central Belt) form the core of the intensive monitoring sites in the Eel River Critical Zone Observatory. Angelo is part of the University of California Natural Reserve System and consists largely of steep-sloped, old-growth mixed broadleaf-needleleaf evergreen forest (see map in supporting information Figure S1 ). It contains the Elder Creek watershed (Table 1) , a tributary to the South Fork Eel River, and Rivendell, an intensively instrumented hillslope that has been the site of numerous isotopic, geochemical, ecophysiological, and hydrologic studies (Dralle et al., 2018; Druhan et al., 2017; Kim et al., 2014 Kim et al., , 2017 Link et al., 2014; Lovill et al., 2018; Oshun et al., 2016; Salve et al., 2012; Simonin et al., 2014) . Rivendell (39.729°, −123.6451°) is~15 km east of the Pacific Ocean, 430 m above sea level (a.s.l.).
Sagehorn, a privately owned ranch, contains the Dry Creek watershed (Table 1 ; see map in supporting information Figure S2 ), which is in the main stem Eel River watershed. The site is dominated by a deciduous oak savanna-woodland, with predominantly nonnative annual herbaceous ground cover. There are dispersed Tree canopy cover map of the field area shows the abrupt change in tree canopy cover at the geologic contact (white bold line) that separates the Coastal Belt (west) from the Central Belt (east) in the study area. Green (forested) patches in mélange are primarily on sandstone blocks. Study watersheds in each rock type are demarcated with dashed lines; gray = 0% canopy cover, darkest green = 100% canopy cover. Coordinates in WGS84; geologic contact after Jayko et al., 1989 . Canopy cover from the 2011 National Land Cover Database. Map inspired by Figure 2 of Dralle et al. (2018). densely forested areas that more closely resemble the vegetation community of Angelo that are situated primarily on sandstone blocks within the mélange. The principal study hillslope (39.5678°, −123.4733°) lies along an east-west running ridge on the northern border of the east-flowing Dry Creek,~25 km east of the Pacific Ocean and 700 m above sea level.
Climate
The field areas experience a Mediterranean climate, with warm, dry summers and wet (rain-dominated), cool winters. Although both sites are near the coast, fog blankets the Dry Creek catchment at Sagehorn in the Central Belt only a few days a year and rarely enters the Elder Creek catchment in the Coastal Belt due to strong topographic barriers. Historical climate data (summarized in Table 2 ) indicate that Angelo (in the Coastal Belt) received~2,000 mm of annual precipitation on average over the past century, 10-30% more than Sagehorn (in the Central Belt), and is slightly (~1°C) cooler. However, due to greater interception losses at Angelo (see discussion below and analysis by Dralle et al., 2018) , the amount of rainfall arriving at the ground surface is nearly identical at both sites. Both sites experience high interannual precipitation variability resulting in periodic drought conditions (Dettinger et al. (2011) report that the regional coefficient of variation of annual water year precipitation between 1951 and 2008 was 0.3 to 0.4).
Geology
This area of the Northern California Coast Ranges is primarily underlain by the Franciscan Formation complex (Table 3) , which is divided into three generally north-south (coast-parallel) trending belts that are separated by fault contacts and decrease in age, subduction depth, and metamorphic grade to the west (Blake, 1974; Blake et al., 1985; Irwin, 1960; McLaughlin et al., 1994) . The Coastal and Central Belts underlie~15% and~50% of the Eel River watershed, respectively (Langenheim et al., 2013) . The Elder Creek watershed and our intensively studied hillslope, Rivendell, are underlain by Coastal Belt turbidites (which we group together with the lithologically similar and sometimes subdivided Yager terrane) and primarily consist of argillite with smaller amounts of interbedded sandstone (greywacke) and minor conglomerate (Jayko et al., 1989; Lovill et al., 2018) .
Sagehorn is underlain by the Central Belt, which is locally interpreted to be a low-temperature, high-pressure tectonic flow mélange (Cloos, 1982) . The mélange matrix is primarily argillaceous (mudstone protolith) and has a scaly appearance (Blake, 1974) . The matrix grades over distances of tens of meters from fractured and folded but bedded mudstone into argillaceous material exhibiting "anastamosing fracture cleavage" (Cloos, 1983 ) that encompasses coherent blocks of widely varying sizes (10 −2 to 10 4 m) of greywacke (lithic-rich sandstone), chert, and minor high-grade metamorphics and ultramafics. At our site (and elsewhere within the Central Belt [Cloos, 1982] ) greywacke is the most common block by exposed area (Lovill et al., 2018) . The mélange matrix is colloquially called blue goo, due its hue in a reduced state and its viscous-like rheology in the near surface. Previous mineralogical studies near the site indicated that the matrix is primarily quartz, albite, chlorite, and phengitic white mica with rare kaolinite, pumpellyite, and lawsonite (Cloos, 1983) . Although better known for its high-grade (blueschist) blocks, the 
10.1029/2018WR023760
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Soils
Soils at the Coastal Belt site are classified as alfisols (Rittiman & Thorson, 2001) , consistent with our field observations. At Rivendell, the soil is thin where the slope steepens near the channel and generally thicker (30-50 cm) toward the topographic divide (Oshun et al., 2016) . Augering and digging explorations indicate that the surface organic horizon is 5 cm thick. Below lies a massive or poorly sorted, yellow-brown layer rich in centimeter-scale colluvial fragments of argillite and sandstone that lacks clear horizonation. Rock fragments typically have red and brown oxide staining on their exteriors and on internal fracture surfaces. Visible macropores are common, most likely recording root casts and burrows by animals and insects. Despite originating from argillite bedrock, the soil does not experience seasonal deep cracking or other obvious shrink-swell features. The transition between this mobile soil and intact, physically immobile saprolite is typically abrupt and readily identifiable in road cuts or soil pits via poorly sorted colluvium overlying coherent argillite that exhibits throughgoing networks of millimeter-and centimeter-scale fractures and occasional larger-scale bedding planes. Observed processes that collectively mix and transport soil at Rivendell include ground-wasp nesting, animal burrowing, tree throw, rain splash, and during colder winter days the formation of ice pedestals that loft particles downslope.
Soils within the savanna-woodland developed on mélange matrix at the Central Belt site are classified as mollisols (Rittiman & Thorson, 2001 ), in agreement with observations from~30 pits and augered boreholes along the topographic divide within the oak-grassland areas. A~30-cm-thick brown-black organic-rich granular mineral A horizon abruptly overlies a yellow-gray, massive 10-to 20-cm-thick Bt horizon with higher clay content. There is usually an increase in large rock fragments at the Bt-C horizon boundary, and the matrix and rock fragments become less yellow-red and more gray-black-blue in hue. It is not uncommon to find fragments of numerous lithologies (primarily greywacke, chert, and argillite) within a single soil pit at the topographic divide. Here, too, we observe no desiccation cracks on the ground surface in summer. Saturated hydraulic conductivity is high in the near surface (exceeding 10 −4 cm/s and comparable to maximum hourly rainfall intensities observed since the deployment of a precipitation gauge in 2015) and decreases with depth, reaching lower values (~10 −5 cm/s) in the upper saprolite (Dralle et al., 2018) . Local soil transport occurs via gopher burrowing, wasp nesting, rainsplash, overland flow wash, and (accompanying Euro-American settlement) pig rooting.
Regional Uplift and Geomorphology
The northward migrating Mendocino Triple Junction was at the latitude of the study area approximately 3 Ma (Atwater & Stock, 1998) , and fluvial-marine deposit transitions suggest that the land emerged from sea level at this time (Lock et al., 2006) . High regional uplift rates continue to drive rapid river incision in the Northern California Coast Ranges, creating ridge and valley topography. At the study watersheds, prominent local knickpoints (short, steep reaches) are present along the main stem channels (Lovill et al., 2018) . Rivendell lies below a major knickpoint on Elder Creek (in the Coastal Belt), which Seidl and Dietrich (1992) proposed originated at the junction with the South Fork Eel and propagated upslope. In contrast, our intensively studied hillslope at Sagehorn in the Central Belt lies above a major apparently stationary knickpoint interpreted to arise from a large resistant block within the mélange encountered by the main stem during incision (as evidenced by a large continuous outcrop on the hillslope adjacent to the knickpoint). This may be one factor contributing to the generally gentler topography within Dry Creek (Central Belt) than in Elder Creek (Coastal belt; Table 1 ). Within Elder Creek, Holocene fluvial incision rates werẽ 0.2 mm/year, and during wetter conditions in the Pleistocene, landscape-averaged erosion rates werẽ 0.4 mm/year (Fuller et al., 2009 ). Dry Creek's basin-wide cosmogenic nuclide-inferred erosion rate (see Ricklefs (2008) and Whittaker (1975) . Greater interception at the Coastal Belt results in nearly identical precipitation at the ground surface, as discussed in text.
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Water Resources Research section 3) is 0.12 ± 0.01 mm/year, about half that of Elder Creek, consistent with a decline in modeled regional rock uplift rates at the more southern location of Dry Creek (Lock et al., 2006) combined with lower erosion rates locally, above the prominent knickpoint (Lovill et al., 2018) .
The generally weak bedrock of the Franciscan results in numerous earthflows within the Central Belt (Mackey & Roering, 2011; Roering et al., 2009 Roering et al., , 2015 and deep-seated landslides and debris flows in the Coastal Belt (Stock et al., 2005) . The Dry Creek watershed exhibits widespread earthflow topography (lumpy, "melted ice cream" appearance [Kelsey, 1978] ), yet few flows are presently active and the topography may be largely relict, perhaps due to reduced river incision upslope of the knickpoint. This would be consistent with the observations of Bennett et al. (2016) , who noted the preponderance of active earthflows below See also Johnson (1979) . g See also Hahm, Dralle, et al. (2017) and Hahm et al. (2018) .
Water Resources Research HAHM ET AL.knickpoints across the mélange and interpreted the relative lack of active earthflows above knickpoints to result in the preservation of relict terrain in headwater catchments of the Eel River watershed.
Vegetation
The vegetation communities across the two sites are starkly different (see species lists in Table 1 , maps and photos in Figures 2 and 3 , and early descriptions of the region in Clark, 1937) . Angelo (in the Coastal Belt) is characterized by a mixed broadleaf-needleleaf evergreen forest that grades into chaparral at higher elevations and on some south-facing slopes. Douglas fir (Pseudotsuga menziesii) is the dominant canopy-emergent species on north-facing slopes and in tributary valleys on south-facing slopes and is typically associated with tan oak (Notholithocarpus densiflorus), live oaks (Quercus chrysolepis and Quercus agrifolia), Pacific madrone (Arbutus menziesii), and California bay laurel (Umbellularia californica). Coast Redwood (Sequoia sempervirens) is not present in the Elder Creek study watershed but is common elsewhere at Angelo and the Coastal Belt in areas more subject to fog. The spatial extent of the Douglas fir may partly be a relic of the practice of Native American burning, which reduced the extent of fir relative to the hardwood forests (Johnson, 1979) . 
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In contrast, Sagehorn, in the Central Belt, is predominantly inhabited by winter deciduous oaks and annual grasses. The water limitation-tolerant Oregon white oak (also known as Garry oak; Quercus garryana) is the dominant species and is concentrated with higher density on north-facing slopes, occasionally forming woodlands with contiguous canopy. Dense evergreen forest areas without an herbaceous understory are found on large sandstone blocks, dominated by Pacific madrone and Douglas fir. California black oak (Quercus kelloggii) is common along ecotones, which are typically abrupt between grassland and evergreen forest but diffuse between grassland and oak woodland. Rare ultramafic and high-grade metamorphic blocks (order 10 m across) outcrop as barrens devoid of soil and host rare endemic species.
Methods
Here we outline the methods employed to track water as it moves through the subsurface to streams, to document its storage within the subsurface in relation to the structure of the critical zone, and then to quantify plant community distribution and water availability.
Stream Runoff
Stream runoff at the Coastal Belt site is measured by the U.S. Geological Survey (USGS Gauge 11475560, Elder Creek near Branscomb, CA; upstream area 16.8 km 2 ),~200 m upstream from the base of the Rivendell study hillslope near the confluence of the creek with the South Fork Eel River. During the study period, streamflow was gauged by the USGS 5-10 times per year, and the USGS estimates 5-10% accuracy for discharge. At the Central Belt mélange site, we measure stage in the channel of Dry Creek near its mouth (~1,400 m downstream from the base of the study hillslope; upstream area 3.46 km 2 ) and calculate runoff from a rating curve established from >20 measurements spanning discharges of less than 0.001 to greater than 10 m 3 /s. Based on the quality of the rating curve and precision of the stage recorder (see below), we estimate 5-10% accuracy for the Dry Creek discharge record.
Precipitation and Interception
Precipitation is measured with unshielded tipping-bucket rain gauges (Model TB4, Hyquest Solutions). The manufacturer-provided measurement accuracy is better than ±3% given the intensity of rainfall experienced at the site. We perform three adjustment procedures that account for (1) wind-induced undercatch (see supporting information and Allerup & Madsen, 1980; Sevruk, 1982; Yang et al., 1998 , for more detail); (2) horizontal variations in rainfall; and (3) data gaps prior to the deployment of gauges. For the Dry Creek catchment (Central Belt), we use one centrally located ridgetop rain gauge (Sagehorn, 715 m a.s.l.), and for the Elder Creek catchment (Coastal Belt), we average precipitation from a gauge located near the mouth ("Angelo Meadow," 405 m a.s.l.) and the headwaters ("Cahto Peak," 1,249 m a.s.l.). The Daymet V3 climate product (https://daymet.ornl.gov/) is used to extend the precipitation time series prior to 2015 at both sites.
We specify a canopy interception storage to account for an initial, event-based "wet-up" period in which rain is captured by the canopy, after which throughfall is equal to the incoming rain intensity (see supporting information and Krygier, 1971; Laio et al., 2001; Miralles et al., 2010; Pypker et al., 2005; Reid & Lewis, 2009 , for more detail). The resulting effective precipitation available for storage, evapotranspiration, and runoff, P, is used in subsequent analyses.
Evapotranspiration and Radiation
For each of the two study catchments, we compute potential evapotranspiration (PET) with the Hargreaves method (Hargreaves & Samani, 1982 , 1985 , which requires daily maximum, minimum, and mean temperatures obtained from the weather stations, as well as radiative forcing as a function of latitude and day of year, calculated with scripts from the PyETo Python package. PET calculated prior to 2015 relies on Daymet temperature records, which compare well with our local weather stations at both sites during times for which the two data sets overlap. Total solar radiation is measured at Angelo with a Li-Cor LI200X-L Pyranometer. Using historical estimates of actual evapotranspiration (ET) from a process-based Moderate Resolution Imaging Spectroradiometer (MODIS)-derived data set described in Ryu et al. (2011) along with Daymet precipitation records, we also plot annual values for each catchment from 2002-2015 in the Budyko space: evaporative fraction (ET/P) versus aridity (PET/P). ET is difficult to quantify over large spatial scales (particularly when Q is lacking, as is the case at Dry Creek prior to our installation of a stream gauge 10.1029/2018WR023760
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there. The uncertainty of the ET data has been evaluated via intercomparison with annual basin water balance and flux tower estimates of ET by Ryu et al. (2011) , yielding a root-mean-square error of 31% and 26%, respectively (these comparison data sets are also subject to their own inherent uncertainties). For the purposes of this study, we are primarily interested in how differences in subsurface water storage capacity between nearby sites manifest in distinct water balance regimes (and therefore location within the Budyko plot). For this purpose, the Ryu et al. (2011) ET data set, which relies on satellite-based greenness indices, is suitable for intersite comparison even if the absolute location of each catchment within the Budyko space is subject to uncertainty. This is based on the reasonable assumption that greenness scales with ET at each site (i.e., the remotely sensed ET signal is correct in relative if not in absolute magnitude). We fit curves to each site in the Budyko space using the analytical formulation of Yang et al. (2008) . A single fitting parameter (n) is used to describe the shape of the Budyko curve; low values of n correspond to catchments with low storage that transform precipitation into runoff efficiently; high values of n correspond to catchments with high storage that are able to store precipitation and return it to the atmosphere via evapotranspiration.
Catchment-Integrated Dynamic Water Storage
Catchment water budgets for the 2017 water year wet season were compared between the two study sites to quantify water storage. The seasonally dynamic water storage is calculated as the change in total catchment storage (ΔS) relative to an October 1 reference state (e.g., Sayama et al., 2011) . This date typically coincides with the end of the dry season when annual catchment water storage is at a minimum. Changes in dynamic storage result from gains due to effective precipitation (P) and losses to runoff (Q) and evapotranspiration, which in the wet season is assumed to be approximately equal to PET (we lack daily estimates of actual evapotranspiration for the 2017 water year). Using daily data, we plot cumulative running storage change as ΔS = ∑P − ∑Q − ∑PET. We stop the analysis at the end of May, when the approximation ET ≈ PETwhich assumes high wet season water availability (and an energy-limited state, as is typical in the area [Reid & Lewis, 2009] )-becomes increasingly inaccurate. Hence, to the extent that ET < PET in the wet season, the inferred dynamic storage is an underestimate of the actual dynamic storage. Small biased inaccuracies can compound in this running mass balance, requiring high-accuracy input data to produce reasonable dynamic storage estimates. Our analysis benefits from the small areas of the study catchments (which minimize horizontal variation in rainfall and PET) and is generally corroborated by hillslope-scale measurements of dynamic storage capacity (discussed below). Dralle et al. (2018) further discuss this method of analysis and its uncertainty.
Boreholes and Well Casings
Boreholes were drilled during multiple field campaigns at both sites from 2007-2015 to depths typically below the transition from weathered to fresh bedrock (to a maximum of~30 m; see supporting information for more borehole detail). Recovered material was documented, where feasible, with respect to its color, texture, presence, or absence of minerals indicative of weathering fronts (e.g., pyrite and calcite), fracture density and fill, and water stable isotopic composition (see Oshun et al., 2016; . These observations, together with groundwater dynamics and drilling rateinferred material strength, are used to describe subsurface CZ structure. The depth to fresh bedrock is locally determined by a large increase in material strength, perennial saturation, and lack of mineral weathering. Boreholes were used to monitor groundwater and vadose zone moisture dynamics (see sections below)
SEM Microstructure Analysis, Mineralogy, and Bulk Geochemistry
To study microstructures that control the porosity and permeability of the fresh mélange matrix of the Central Belt, we collected core on 25 September 2015 and analyzed a sample recovered from 15.3 m below the ground surface in borehole 501 (supporting information Figure S2 ) at the Indiana University Shale Research Lab (see Schieber, 2010 , for more detail). The sample was prepared for scanning electron microscope (SEM) analysis via argon ion milling and scanned at 15.0 kV and 70 Pa.
The mineralogy of both fresh and weathered material obtained from drilling at both sites was measured using X-ray powder diffraction at Indiana University, with quantitative phase determinations via the Rietveld method (see, e.g., Bish & Howard, 1988) , normalized to 100%. The relative abundances of illite and smectite were separately estimated via fits to diffraction intensity and are expressed as point-bounded
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To compare parent material bulk composition, we measured the geochemistry of fresh, unweathered bedrock at both sites after pulverization to 200 mesh and analysis via lithium-borate fusion inductively coupled plasma emission spectroscopy at the Bureau Veritas Mineral Laboratories (Vancouver, BC).
Erosion Rates
We collected in-channel stream sediment from near the mouths of two creeks at Sagehorn (Dry and Hank, which bound the study ridge) within the Central Belt mélange to estimate basin-wide cosmogenic-nuclideinferred erosion rates (e.g., Granger et al., 1996) . We separated quartz from each sample following standard procedures and then isolated Al within the quartz. The concentration of cosmogenic 26 Al was measured at the PRIME lab at Purdue University. We then used the CosmoCalc program (Vermeesch, 2007 ) with Stone's (2000) scaling relations to determine erosion rates (see supporting information for more detail; rates reported in Table 1 ). Analytical uncertainties from the accelerator mass spectrometer measurement were propagated and are reported with the erosion rate estimates.
Groundwater Dynamics
We deployed pressure transducers in wells to monitor groundwater table dynamics at Sagehorn in the Central Belt in 2015 (Rivendell's 12 wells in the Coastal Belt were already instrumented before the start of this study). Most wells are outfitted with vented transducers that compensate for atmospheric pressure changes (models CS-450 and CS-451, Campbell Scientific); some are outfitted with offline, internal-battery powered pressure transducers (Solinst Levelogger) that are corrected for atmospheric pressure fluctuations with a nearby, similar-elevation barometric pressure sensor. In some boreholes that were not drilled to the fresh bedrock boundary (MN-1, MS-4, 505, and 508 at Sagehorn) the water table drops below the base of the wells during portions of the year. The accuracy of the Campbell and Solinst transducers are 3.5 and 5 mm, respectively.
Dissolved Oxygen in Groundwater
We measured dissolved oxygen content in groundwater at Sagehorn in the Central Belt with an optical luminescence sensor (YSI ProODO), with descending depth profiles through the entire undisturbed water column. We waited for readings to stabilize at each measurement depth, which typically took between 30 and 180 s. The instrument measures and adjusts dissolved oxygen percentages to temperature in the water and barometric pressure at the surface. We routinely calibrated the dissolved oxygen meter following manufacturer guidelines with two end-members: water-saturated air, achieved by equilibrating the sensor in a 100% relative humidity sleeve, and 0% dissolved oxygen solution, achieved by dissolving 8-10 g of sodium sulfite in 500 ml of water. The manufacturer provided accuracy when correctly calibrated is ±1%.
Tree Water Potential
Predawn shoot water potentials were measured near topographic divides at the end of the summer dry season at both sites with a Scholander-type pressure-chamber apparatus (Boyer, 1995; Scholander et al., 1965) following the methods outlined in Hahm et al. (2018) ; the instrument precision in field conditions is ±0.1 MPa. These measurements are used to compare relative water stress between sites. At the Central Belt site, we measured Q. garryana and at the Coastal Belt site we measured three genera of hardwoods (Q. chrysolepis, N. densiflorus, and A. menziesii) as well as the conifer P. menziesii. Samples were collected from mature individuals (breast-height diameters typically >25 cm) within 2.5 m of the ground surface at the Central Belt. At the Coastal Belt site, approximately half of the trees sampled had canopies that were inaccessible from the ground, and climbing ropes were used to obtain shoots. These samples' predawn potentials were corrected for the gravitational component of water potential based on their collection height above the ground surface.
3.11. Remotely Sensed Vegetation Analyses 3.11.1. Tree Canopy Cover and Primary Productivity To explore differences in the forest density between sites, we use the Landsat-derived 2011 analytical Tree Canopy Cover data set (0 to 100% tree canopy cover) provided by the National Land Cover Database (Homer et al., 2015) . We also accessed and aggregated the Landsat-derived Net Primary Production CONUS data set (Robinson et al., 2018) in the Google Earth Engine platform (30-m pixel size) to determine watershed average productivity across the two rock types.
MODIS EVI
We analyzed time series of the MODIS enhanced vegetation index (EVI) MOD13Q1 product (Huete et al., 2002) to assess the impact of CZ water storage dynamics on plant community function and leaf phenology (250-m pixel size). We accessed and aggregated the data using the Google Earth Engine platform and extracted the median EVI pixel value within our study watersheds for the duration of the MODIS program, resulting in 16 complete water years of data. This effectively captured the leaf dynamics of the mixed broadleaf-needleleaf evergreen forest of the Coastal Belt and the herbaceous ground cover (with minor deciduous oak contribution) of the Central Belt (see, e.g., Huete et al., 2006) . To explore the seasonal dynamics of ecosystem function, we plot composite annual time series by averaging the median watershed EVI at the same date across all years.
Time Series Landsat and Historical Air Photos
We created a cloud-free mosaicked video of the wider field area (Mendocino County, California) with all available Landsat natural color imagery in the Google Earth Engine platform (supporting information Movie S1) to visualize boundaries between vegetation types through time. We also analyzed historical air photos of the Central Belt site (provided by the UC Santa Barbara Maps and Imagery library) and more recent orthoimagery from the National Agriculture Imagery Program.
Results
Results are organized around a description of subsurface critical zone structure, runoff pathways, and water storage at each site, followed by a comparison of plant community distribution, function, and water status. Some of the descriptions of subsurface structure and the hydrologic cycle, particularly for the Coastal Belt, synthesize many previously published works from the Eel River Critical Zone Observatory not previously collectively summarized. These descriptions (with appropriate citations) are combined together with new results here in order to provide a complete, stand-alone portrait of the site. They are then followed by a parallel description of the Central Belt. The common descriptions of both sites lay the foundation for the synthesis of subsurface weathering zone patterns, water storage, and surface ecosystems.
Coastal Belt (Rivendell Unit Hillslope and Elder Creek) 4.1.1. Subsurface Critical Zone Structure
The Coastal Belt is pervasively fractured and consists of turbidites-packages of interbedded mudstones, sandstones, and conglomerate-which are typically decimeters to meters thick. Extensive drilling shows that the weathering profile structure varies systematically across the landscape (Rempe & Dietrich, 2014 Salve et al., 2012) . Unweathered bedrock is exposed at the ground surface in Elder Creek and the South Fork Eel River. The depth to fresh bedrock increases from about 4 m just above the channel tõ 30 m at the hillslope divide ( Figure 5 ; . Just below the soil, weathering has generated about 1 to 2 m of saprolite (a material with soil-like properties that retains relict-rock structure). A highly fractured and oxidized weathered bedrock zone lies between the saprolite and unweathered bedrock. Roots were observed to 16-m depth during drilling.
Runoff Pathways and Water Storage
At the start of the wet season, precipitation transits through the mixed broadleaf-needleleaf evergreen forest and then flows vertically as unsaturated flow through the highly conductive soil, saprolite, and weathered and fractured bedrock. A seasonal wetting front advances through the soil, saprolite, and weathered rock and replenishes a vadose zone storage deficit caused primarily by evapotranspiration in the preceding dry season Salve et al., 2012) . Across Rivendell, up to 60 ± 17 mm (avg. ± 1 s.d.) of water is seasonally stored within the soil, and 280 ± 140 mm is stored as rock moisture-exchangeable water stored in the unsaturated zone in weathered bedrock (which includes saprolite; .
At individual wells the annual maximum rock moisture content was the same in successive years, despite a wide range in precipitation . Total rock moisture content increases upslope, consistent with increasing weathered bedrock thickness upslope ( Figure 5 ). Once the maximum storage capacity is reached, further rainwater inputs induce water transport deeper along fractures, recharging the underlying groundwater Water Resources Research wells and has been interpreted to record local fracture flow that bypassed the rock moisture reservoir (Salve et al., 2012) .
Low conductivity, perennially saturated fresh bedrock at the base of the weathering profile causes winter recharge to develop as a seasonal groundwater within the weathered bedrock (Salve et al., 2012) . As Figure 5 illustrates, the top surface of low-permeability fresh bedrock, defined as Z b (sensu Rempe & Dietrich, 2014) , slopes toward the adjacent channel, and groundwater flows laterally above it through a dense fracture network. Upslope, depending on the particular location and storm magnitude frequency, it takes between~200 and 700 mm of cumulative water year rain for infiltrating water to elevate the rock moisture and then pass water to the water table, causing a switch from its slow dry season decline to a more rapid wet season response ; supporting information Figure S3 ).
At the end of the wet season, groundwater recedes, exhibiting a slow decline through the dry summer ( Figure 6 ). Drainage of groundwater from the weathered, fractured bedrock zone sustains perennial flow in Elder Creek (Lovill et al., 2018) : Runoff is low but persistent in the summer dry season (on average~5 to 10 mm/month from June to September). Figure 7 plots the 2017 water year catchment-integrated dynamic water storage as a residual of the balance between cumulative precipitation, runoff, and potential evaporation. The first major storms of the 2017 water year delivered~250 mm of precipitation in early October to mid-October and produced minor stream runoff. PET at this time of year is minor and caused little moisture storage change before the arrival of subsequent storms. Subsequent precipitation continued to increase storage in the subsurface throughout the Elder Creek catchment, and the runoff response remained relatively muted until large storms in midDecember (recording the progressive increase in rock moisture storage). By January, increases in cumulative runoff closely tracked increases in the cumulative precipitation curve, and the cumulative storage curve leveled off between~500 and 700 mm, with transient gains and losses in response to storms. Recession analysis indicates that the dynamic water storage at Elder consists primarily of "indirect" storage, which does not drive streamflow and is mainly held as water below a "field capacity"-like state in soils, saprolite, and 
Catchment-Wide Seasonal Dynamic Water Storage
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Central Belt (Sagehorn Unit Hillslope and Dry Creek) 4.2.1. General Subsurface Critical Zone Structure
At Sagehorn in the Central Belt, fresh mélange matrix is often exposed in channels and drilling observations reveal that it is only 2 to 4 m below the surface at ridgetops. Hence, the subsurface CZ in the mélange is roughly 10 times thinner than in the Coastal Belt ( Figure 5 ). Below the soil lies ã 50-cm-thick, yellow-gray saprolite zone with soil-like texture that grades into a 1-to 2-m-thick, gray-black weathered rock zone. Observed rooting and hyphae depths are confined to the upper few meters. Recovered drillcore and observations of fresh bedrock in stream channels indicate that unweathered mélange matrix has a characteristic blue-black unoxidized hue. Figure 8 reports mineral phases in depth profiles for a borehole at Sagehorn (Central Belt) and Rivendell (Coastal Belt). The uppermost two samples at Sagehorn (from 0.15 and 0.45 m below the surface) and the uppermost sample at Rivendell (from 0.6 m below the surface) were taken from within the mobile regolith (soil). At Sagehorn, the relatively unstable phase gypsum is gone from the soil but present above the fresh bedrock boundary, whereas calcite remains present in the near surface within the soil. There also appears to be a significant enrichment of quartz and depletion of muscovite and chlorite in the uppermost soil relative to the fresh underlying bedrock. Below the depth of the transition to fresh bedrock at Sagehorn (in the Central Belt), there is a higher concentration of chlorite and illite and lower concentration of kaolinite, relative to the mineralogy at Rivendell (in the Coastal Belt). Two samples from Sagehorn (at 1.8-2.1 and 4.0-4.3 m in W506) also exhibited X-ray diffraction patterns consistent with the presence of regularly interstratified (R1) chlorite/smectite, which was not identified in the Rivendell samples. Determining the exact concentration of interstratified chlorite/smectite at Sagehorn is difficult and is not shown in Figure 8 ; however, it may be between 10% and 20%. Smectite is present throughout the Rivendell profile (in the Coastal Belt) but only appears in the soil at Sagehorn (in the Central Belt).
Subsurface Structure, Runoff Pathways, and Water Storage
Most rain falls directly on low (<20 cm tall) herbaceous ground cover. The soil has a wide distribution of macropores from roots, insects, and burrowing mammals that promote near-surface infiltration and (upon saturation) exfiltration. At the end of the dry season, the seasonally dynamic groundwater is absent: Only residual and essentially stagnant groundwater in the underlying fresh mélange remains at depths greater than 2 to 4 m below the surface ( Figure 5 ). The first major winter storm increases the soil and rock moisture. Further rain leads to groundwater developing in the weathered bedrock zone above the fresh, perennially saturated mélange. Groundwater tables in mélange-dominated wells respond after as little as 50 mm of cumulative precipitation and rise to within 20 cm of the ground surface after only~100 to 200 mm, effectively saturating the CZ due to the presence of a capillary fringe, implying a dynamic porosity of only~5% to 10% in the subsurface critical zone.
In contrast to the Coastal Belt, where groundwater remains >10 m below the ground surface at the topographic divide throughout the winter, in the Central Belt the groundwater table frequently reaches the surface during rainfall events (see Figure 6 , for detailed dynamics of Well 507 and supporting information Figure S3 for time series of all wells at the site). Stream runoff is generated by subsurface storm flow and saturation overland flow, which quickly deliver water to channels from adjacent hillslopes (Figures 3c  and 5 ). Field observations indicate that during times of sustained mean rainfall intensity exceeding ~1 cm/hr, which occurs in many winter storms, saturation overland flow extends to ridgetops across the landscape (see photo in Figure 3d ).
In the spring, the seasonally dynamic groundwater levels rapidly decline (supporting information Figure S3 ). Rapid exhaustion of this shallow storage leads to a lack of baseflow in adjacent streams and a dry channel network in the appropriately named Dry Creek watershed. By 1 August, the water table in the ridgetop Well 507 in the Central Belt mélange has lowered to the fresh bedrock boundary, Z b , and remains essentially static for the rest of the dry season (Figure 6a) , indicative of very low saturated conductivity. The underlying saturated fresh bedrock does not drain significantly on a seasonal timescale and thus does not contribute measureable flow to channels. The dissolved oxygen content was indistinguishable from 0% throughout the groundwater column in Well 507 (except for near the water table surface, which exhibited higher oxygen concentrations) for measurement dates in the 2017 water year (supporting information Figure S4 ). SEM imagery of a fresh, deep sample obtained via drilling reveals a heterogeneous fabric of sand-size metamorphic rock fragments, set in a finer-grained matrix composed of <60-μm fine particles that are angular and very poorly sorted (Figure 9 ). These fine particles are themselves situated within a matrix-supported felted mass of phyllosilicates (likely chlorite) and lack obvious cleavage and foliation at this scale. Interparticle pores (i.e., framework pores) range in size from 10-20 nm, and larger particles may show intraparticle pores in the 10-to 100-nm size range. Due to its low intrinsic porosity, the low-viscosity epoxy resin that was used to stabilize the sample did not penetrate into the sample. Collectively, these observations and the reduced color (blue/gray) reveal the fresh mélange matrix to have very little porosity, likely extremely low saturated conductivity, and minimal groundwater flux-consistent with persistent saturation and low runoff, despite a relatively large hydraulic gradient (20% slope) from ridgetop to channel.
Subsurface heterogeneity results in contrasting hydrologic dynamics over relatively short spatial scales. For example, in the group of three deep wells near the weather station (500, 501, and 502; supporting information Figure S2 ), which are each~2 m horizontally from each other and at similar ground surface elevations, a more-than-7-m vertical water table difference is maintained throughout the dry season (supporting information Figure S3 ) in these adjacent wells. The depth to the perennially saturated zone is 2 to 3 m below the ground surface in wells drilled to 6-to 8-m depth, and 9 to 10 m (Well 501) below the ground surface in a well drilled to 15-m depth. During drilling, we encountered repeated contrasts between soft mélange matrix and hard blocks in this area, suggesting a chaotic subsurface block-in-matrix fabric with extremely low hydraulic conductivity (likely on the order of 10 −10 cm/s, based on the lack of drainage between wells over the summer). In a sandstone block on the same ridgeline (Well 503; supporting information Figure S2 ), groundwater behaves in a manner more similar to the Coastal Belt, staying >5 m below the ground surface throughout the wet season and slowly receding throughout the summer (supporting information Figure S3 ).
Subsurface Structure and Catchment-Wide Seasonal Dynamic Water Storage
Similar to storage in the Elder Creek watershed, Dry Creek storage responds to early rainfall events and exhibits rapid dynamic storage increases as the first rains of the wet season infiltrate into the subsurface (Figure 7 ). However, after 250 mm of rain, storage (S) continues to increase at Elder Creek, whereas subsequent rain at Dry Creek produces only minor, transient increases in storage. Rain inputs rapidly trigger runoff in Dry Creek. As a result, the precipitation (∑P) and runoff (∑Q) curves are coupled (i.e., parallel). The total magnitude of maximum dynamic water storage at Dry Creek is approximately four times lower than Elder Creek, consistent with the differences inferred from the hillslope-scale groundwater and rock moisture storage dynamics. At its peak, the dynamic water storage at Dry Creek primarily occurs as groundwater (the 
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Water Resources Research entire subsurface is saturated). The seasonally dynamic storage becomes negative at Dry Creek in March, which is due to ∑PET overestimating actual evapotranspiration as the site becomes water limited.
Cross-Site Comparison of Forest Density and Productivity
The >200-km-long ecotone that separates mixed broadleaf-needleleaf evergreen forests (in the west) from oak savanna-woodland (in the east) in the Northern California Coast Ranges (Figure 1 ) generally coincides with the mapped geologic contact separating the Coastal (in the west) and Central (in the east) Belts of the Franciscan (geologic mapping by Jayko et al., 1989; Figure 2) . This is consistent with our geologic surveys of the area, independent airborne magnetic surveys (Langenheim et al., 2013) , and topography, which indicates a change from the steep-sloped Coastal Belt to gently sloped Central Belt. Across the Elder Creek watershed in the Coastal Belt, the tree canopy cover is 89, 93 ± 12% (mean, median ± 1 s.d.), compared to 21, 11 ± 19% in the Dry Creek watershed in the Central Belt. The larger variance in the Central Belt is attributable to the mosaic of pure grassland and oak woodland, as well as distinct "islands" of mixed broadleaf-needleleaf evergreen forest that abruptly rise from "seas" of grassland and oak savanna. Our local reconnaissance geologic mapping has revealed that these evergreen forest communities occupy large (up to kilometers) blocks of sandstone within the Central Belt. Figure 10 shows one such island plant community assemblage near the mouth of Dry Creek, which has developed on a monolithologic block of lithic-rich sandstone (greywacke), a block type that is common throughout the Central Belt, according to Ernst and McLaughlin (2012) , and also a significant constituent of the Coastal Belt. The average remotely sensed and modeled annual net primary productivity between 1986 and 2017 is about twice as high in the Coastal belt forests in the Elder Creek watershed (1.2 ± 0.064 kg C/m 2 ; mean ± 1 s.
d.) than in the Central
Belt mélange savanna-woodland in the Dry Creek watershed (0.6 ± 0.037 kg C/m 2 ).
Alternative Possible Drivers of Vegetation Patterns
Disturbance, in the form of anthropogenic landscape modification and fire, does not appear to control the distribution of the plant communities. Long-standing fence lines do not coincide with ecotones at our Central Belt site, indicating that preferential grazing does not give rise to the forest and grassland 
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Water Resources Research transitions. Native Americans practiced a fire management regime that included high-frequency, low-intensity burning to enhance acorn production, improve hunting grounds, and promote desired cultivars for millennia in the area (Johnson, 1979; Lightfoot & Parrish, 2009; Mensing, 2006 Figure S5 ) also shows that ecosystem boundaries have remained largely unchanged, in spite of selective logging and a large fire that occurred at Sagehorn (in the Central Belt) in 1950 (the aftermath of which can be seen in the 1952 air photo in supporting information Figure S5b ). The air imagery indicates that although forest abundance was higher across the Central Belt site prior to logging and fire, the spatial arrangement of forests do not appear to have shifted (cf. supporting information Figures S5a and S5c).
The bulk elemental chemistry of fresh rock samples from the two sites is broadly similar and consistent with typical compositions of fine-grained siliciclastic rock (supporting information Table S1 ). The Central Belt mélange tends to have higher Mg compared to the Coastal Belt, in agreement with the difference between the average compositions of shale and metamorphosed shale (Gromet et al., 1984 ; supporting information Table S1 ). Neither site has exceedingly high concentrations of elements associated with ultramafic toxicity (Kruckeberg, 2004) , although the mélange does have higher Ni concentrations (~200 ppm) than the Coastal Belt (~60 ppm). Both sites have relatively abundant concentrations of the plant-limiting rock-derived nutrient phosphorus (>0.2 weight % P 2 O 5 ; compare with concentrations of <0.05 weight % inferred to be limiting in Hahm et al., 2014) . We therefore rule out the possibility that the sharp ecotones arise from historical land use, fire disturbance, or parent material geochemical composition.
After lithology, the second strongest apparent control on plant community distribution is hillslope aspect. At both sites, tree canopy cover is denser on north-facing (poleward) slopes. Within the Dry Creek watershed in the Central Belt, north-facing (315°to 45°azimuth) tree canopy cover is 25.9 ± 20.5% (mean ± 1 s.d.) and south facing (135°to 225°) is 12.6 ± 13.0%. Within the Elder Creek watershed in the Coastal Belt north-facing canopy cover is 92.9 ± 5.9% and south-facing canopy cover is 81.3 ± 19.4%. Poleward facing slopes are typically associated with lower solar radiation and evaporative demand, which lead to higher water availability. This could suggest that the higher tree canopy cover on northfacing slopes at both sites indicates that vegetation is more water limited than energy limited. However, fires were common at both sites (Hahm . Scanning electron microscope images taken at increasing levels of magnification of fresh mélange matrix. The uppermost image (a, low magnification), shows scattered larger (sand size) particles (mineral and rock fragments) that are suspended in a fine-grained matrix. At intermediate magnification (b), we see larger silt-size particles (also mineral and rock fragments) in a finer matrix. The larger particles may show intra particle pores (yellow arrow). At highest magnification (c), the intraparticle matrix resolves as a felted mass of phyllosilicates (likely chlorite). This phyllosilicate matrix has some intrinsic porosity (interparticle framework pores, yellow arrow), but pores are small (~10-20 nm) and not abundant, and thus permeability is low. Larger open spaces between phyllosilicate matrix and mineral grains are not pores but rather artifacts of sample preparation (beam heating causes shrinkage of phyllosilicate matrix).
Water Resources Research Johnson, 1979) , and drier vegetation on south-facing slopes may have burned more readily, also potentially explaining the aspectrelated canopy cover differences.
Plant Ecosystem Function in Relation to Energy and Water Availability
Composite annual time series of the EVI highlight contrasting phenological patterns in the Central and Coastal Belts in response to similar climatic forcing (Figure 11 ). Radiation is approximately 5 times higher in the summer than the winter, due to the effects of longer days, higher solar angle of incidence, and lower cloud cover. In the Central Belt mélange, peak EVI occurs in early May, approximately 45 days before the summer solstice and peak incoming solar radiation. This typically coincides with the last significant wet season precipitation event. The subsequent summer decline in EVI is consistent with senescence of annual grasses and dormancy in perennial grasses, both of which also respond rapidly to the first winter rains in early October. The interannual variation in EVI (1 s.d. vertical bars in Figure 11 ) in the Central Belt is highest in the spring and fall, indicating sensitivity to high interannual variation in late and early wet season precipitation (Figure 11a ). In contrast, at the Coastal Belt site, EVI peaks with the summer solstice and closely tracks incoming solar radiation throughout the year, reaching a minimum during the winter solstice ( Figure 11 ). Unlike the Central Belt, the interannual variation is relatively constant throughout the year in the Coastal Belt.
The sustained evergreen transpiration within the Elder Creek watershed (Coastal Belt) results in an evaporative fraction (ET/P) that is consistently larger than the Dry Creek watershed (Central Belt) for similar values of aridity (PET/P; Figure 12a ). The corresponding distributions of water year total P, ET, and PET (Figure 12b ) across multiple years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) reveal that despite high annual variations in P, ET is relatively constant from year to year at both sites, in general agreement with the similar annual phenological patterns in Figure 11. 
End of Summer Subsurface Water Availability
Predawn water potential in Douglas fir, live oak, madrone, and tan oak in upslope positions in the Coastal Belt in mid-September, 2017, was −1.60 ± 0.08 MPa; n = 22 (mean ± s.e.m.; n = number of trees), nearly 1 MPa higher than the Oregon white oak in the Central Belt (−2.46 ± 0.31 MPa; n = 6; data for each individual tree are provided in the accompanying data set). This indicates that root zone water availability is much lower in the Central Belt than in the Coastal Belt. Hence, in spite of the much higher canopy density in the Coastal Belt than the Central Belt-and associated high transpiration demand-water potentials are higher in the Coastal Belt than the Central Belt, consistent with a higher amount of subsurface plant available water in the Coastal Belt.
Discussion
We found that two compositionally similar lithologies produce radically different subsurface critical zone thickness, water storage capacity, and, consequently, plant-available summer water availability. Here we discuss how these differences control plant assemblages and the partitioning of water between ET and runoff. We also explore possible mechanisms leading to thin versus thick subsurface critical zones in the two rock types.
Lithologic Controls on Plant Communities: Why a Savanna Occurs Where It Rains Nearly 2 m per Year
Climate monitoring indicates that the two sites receive similar rainfall, yet the Coastal belt supports an evergreen forest that is twice as productive as the annual grassland savanna found in the Central Belt. Climatic conditions are expected to favor temperate forests (Figure 4) . Due to the deeper critical zone, hillslopes in the 
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Coastal Belt store much more precipitation as plant-available rock moisture than the Central Belt (Figure 7) , resulting in greater summer water availability and higher predawn water potential. At both sites, augering and drilling observations of roots, as well as repeat neutron probe measurements (Hahm, Rempe, et al., 2017; , indicate that plants use soil and rock moisture. Sap flow rates in Oregon white oak in the Central Belt remain high throughout the summer dry season, declining to only 70-90% of their maximum with shorter day lengths in the autumn . In the Coastal Belt, madrone-and to a lesser degree live oak-similarly transpire at high rates in September, whereas Douglas fir exhibits greater decline during the summer . The continued transpiration results in progressive depletion of subsurface moisture storage and associated declines in water potential throughout the summer. The distinct predawn water potentials between the sites presumably reflect differences in both subsurface plant-available water as well as the ability of each plant community to draw down that water: The oaks that inhabit the mélange are able to pull harder, explaining their ability to persist in the water-limited subsurface critical zone of the Central Belt.
The low storage capacity at the Central Belt arises due to the relatively shallow depth of weathering, indicated by perennially saturated, fresh mélange matrix just a few meters from the ground surface. The shallow weathering in the Central Belt mélange results in a critical zone that quickly saturates and sheds most winter rainfall, and then becomes very dry in the summer, supporting only annual grasses that die in shortly after the wet season and scattered oaks that can continue to draw down moisture at extremely low water potentials.
A second factor that likely limits the establishment of forests at Sagehorn is the complete saturation of the Central Belt's thin subsurface CZ with each major winter storm event ( Figure 6 ). This results in an upland landscape that is effectively flooded for almost half of the year (Figure 6 ). Saturation promotes an anoxic rhizosphere, due to the consumption of oxygen in respiration and the much lower diffusion coefficient of oxygen in liquid water relative to air (Armstrong, 1980) , as observed in the winter groundwater of Well 507 at 
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Sagehorn in the Central Belt (supporting information Figure S4 ). P. menziesii seedlings (the widespread conifer within Elder Creek in the Coastal Belt) respond negatively to even short periods (1 day) of saturation (Minore, 1968; Zaerr, 1983) . This indicates that a recruitment bottleneck for P. menziesii due to wet season saturation likely exists in the Central Belt mélange in addition to low dry season water availability. The lack of conifers on poorly drained sheared mudstone with clay-rich argillic horizons in the Franciscan Formation was noted by Popenoe et al. (1992) , who also suggested that poor drainage would inhibit P. menziesii establishment.
Our observations suggest that vegetation inhabiting the Central Belt mélange must overcome the challenge of a CZ that is both very dry (in summer) and very wet (in winter). Species inhabiting this landscape need to be water limitation tolerant and flood tolerant or winter dormant. The annual grass life history strategy is adapted to these conditions; our observations also indicate that remaining native perennial bunchgrasses return year after year in spite of winter water logging (see the extended discussion of the role of annual invasive grasses in the supporting information Text S1, as well as Biswell, 1956; Burcham, 1957; Danielsen & Halvorson, 1991; Davy, 1902; Frenkel, 1977; Gordon et al., 1989; Gordon & Rice, 1993; Hibbs & Yoder, 1993) . The dominant tree species inhabiting the mélange matrix, Q. garryana, is also well suited to these conditions. It is winter deciduous, with a leaf-off period that closely matches the sustained wet-season subsurface saturation and is known to inhabit riparian areas elsewhere prone to saturation (Stein, 1990) . Q. garryana is also extremely water limitation tolerant, capable of sustaining high rates of sap flow throughout the summer even as predawn water potentials drop to −3 MPa in some individuals . Sap flow is sustained via a low turgor loss point that dynamically adjusts to keep stomata open and investment in an embolism-resistant xylem network . These ecophysiological adaptations help to explain the abundance of Q. garryana within the mélange.
An Ecohydrologic Framework for Vegetation Mosaics in Seasonally Dry Environments
The patchy, heterogeneous distribution of ecosystems within areas of similar climate in both seasonally dry California and other Mediterranean climates globally has previously been interpreted to arise due to aspect, nutrient availability (e.g., Hahm et al., 2014) , the presence of serpentine (e.g., Kruckeberg, 1985) , or pyrodiversity (e.g., Bird et al., 2008; Martin & Sapis, 1991; Trauernicht et al., 2015) . Pyrodiversity is defined as "landscape heterogeneity and diverse biota that result from various stages of plant succession as those plants recolonize burned areas" (Lightfoot & Parrish, 2009 ). Instead of reflecting topographic controls on energy supply, parent material toxins or nutrients, or fire-driven successional stages, we suggest that the diversity in ecosystem function and composition within an area of similar climate can also arise due to CZ-structure-mediated water storage capacity.
In a similar vein to our findings, previous studies have argued that lithologically controlled bedrock permeability can be responsible for differences in seasonal water storage (e.g., Pfister et al., 2017) . Ecohydrologic theory also suggests that differences in integrated porosity throughout the subsurface should translate into distinct plant-available water regimes (e.g., Laio et al., 2001; Porporato et al., 2001) . In line with this idea, Fellows and Goulden (2016) suggested that low summer plant water use in the high Sierra in glaciated areas may be due to limited subsurface water storage capacity. Studies have also highlighted the importance of soil water storage capacity in affecting water availability and partitioning (e.g., Heilman et al., 2014; Smith et al., 2011 ), yet there is increasing recognition of the ecohydrological importance and variability of the weathered bedrock below soils: Soils, in contrast to weathered bedrock, vary in thickness over a much smaller range and are commonly thin (<0.5 m) across upland landscapes (Amundson et al., 2015; Schwinning, 2010) . The difference in soil thickness-and presumably also the associated soil moisture-between our two sites is minor and not evidently responsible for the large differences in plant water availability. Instead, it is the great difference in the extent and depth of weathering in the underlying bedrock that results in the distinct plant communities.
Quantifying catchment-scale water storage-which we have found useful to scale between the unit hillslope to larger spatial scales-is an active research area in hydrology (McDonnell et al., 2018; McNamara et al., 2011; Tetzlaff et al., 2011) . However, we are unaware of studies that have paired these larger-scale catchment storage analyses with detailed subsurface investigation via boreholes to explain plant water availability and distribution. Our study exploits a unit hillslope approach, wherein detailed documentation of critical zone hydrologic functions controlled by the degree and depth of bedrock weathering is used to explain 10.1029/2018WR023760
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regionally extensive (>100 km) contrasts in plant community distributions that covary with lithology. There are limits to the unit hillslope approach, to the extent that the site chosen for intensive study may not be an ideal representation of the larger landscape. However, given the current lack of methodologies to document the extent of the weathered zone and intra-hillslope hydrologic processes at large spatial scales, we suggest that study of a topographically and lithologically representative unit hillslope provides a useful proxy for understanding larger areas. Figure 13 conceptually summarizes our interpretation that low dynamic water storage capacity arising from thin subsurface critical zones limits the supply of water to plants in the summer dry season. Rainfall is the same across the transect and is sufficient to support the mixed broadleaf-needleleaf evergreen forest found in the Coastal Belt. Where all else is hypothetically equal, a thin CZ with low storage becomes dominated by species that are winter saturation tolerant and more summer water limitation tolerant (at left in Figure 13 ). This would tend to manifest in lower leaf area, lower summer transpiration, and in general, a lower-productivity plant community. Although our two sites are presented here as general cases of relatively low and high storage capacity-associated with the Central Belt and Coastal Belt, and relatively low and high productivity ecosystems, respectively-the confluence of biota, climate, tectonics, and lithology that influence subsurface CZ structure presumably results in a spectrum of subsurface water storage capacity. Thus, as hypothesized in Figure 13 , a subsurface water storage capacity control on ecosystem function may not only be important in creating vegetation mosaics in the Northern California Coast Ranges but in other waterlimited seasonally dry environments as well. As the climate warms and habitable plant zones for particular species shift (e.g., Anderson & Ferree, 2010; Kelly & Goulden, 2008) , rock type-through its impact on water storage capacity-will likely interact with the effects of climate change in setting future habitat compatibility in these regions.
Lithologic Controls on the Partitioning Between Evapotranspiration and Runoff
When integrated over an annual cycle, water budgets for most years between 2002 and 2015 plot within the energy-limited side of the Budyko space (Figure 12a ). This arises due to the temporal lag between water delivery and water demand in the Mediterranean climate of the study area (e.g., Milly, 1994) . This contrasts with the observation that the catchments are more water limited than energy limited in the summer: MaySeptember PET, a metric of atmospheric moisture demand (based on the Hargreaves method) is on average Figure 13 . Conceptual cross section illustrating the hypothetical role of critical zone structure in governing water storage and ecosystem composition in the seasonally dry, Northern California Coast Ranges. Topographic position, rainfall, and evaporative demand are assumed constant: only the thickness and corresponding water storage capacity changes from left to right. Although shown as a horizontal surface, this analysis applies to well-drained hillslopes underlain by bedrock, not valley flats where thick colluvium or alluvium may accumulate and seasonal drainage may be poor. Plant variation at far right illustrates possible role of fire exclusion in promoting pure stands of Douglas fir (e.g., Schriver et al., 2018) . 725 mm at Dry Creek (Central Belt) and 704 mm at Elder Creek (Coastal Belt), exceeding the maximum observed dynamic water storage volumes that could be returned to the atmosphere. This indicates that energy-versus water-limited descriptions for catchments determined from annual water budget analyses may not be useful descriptors of ecosystem water availability at subannual (i.e., seasonal) timescales in strongly seasonal climates, like our Mediterranean study sites.
Variations in the vertical location of the Budyko line-or the amount of water that is returned to the atmosphere for a given dryness index-have been theorized to arise due to differences in subsurface moisture storage (e.g., Milly, 1994; Milly & Dunne, 1994; Porporato et al., 2004; Yang et al., 2008; Rouholahnejad Freund & Kirchner, 2017) , but to our knowledge no empirical, comparative study in a seasonally dry climate has probed the entire depth of the critical zone with deep boreholes to show how lithologically controlled differences in bedrock weathering explicitly govern this water partitioning. Our catchment-wide analyses indicate that smaller dynamic storage volumes at Dry Creek (Central Belt) relative to Elder Creek (Coastal Belt) are likely the cause for lower values of ET/P at Dry Creek for the same value of PET/P (Figure 12a ). This difference arises due to rock-type governed limitations on CZ water storage capacity.
The idea that subsurface CZ structure can limit dynamic water storage also has implications for the ET response to interannual variations in P. Excess P beyond that required to replenish the dynamic subsurface storage capacity runs off in the winter (as similarly found in and near the Eel River basin by Syvitski & Morehead, 1999, and Sayama et al., 2011 , and suggested by Smith et al., 2011, in Idaho [in soils] and Fellows & Goulden, 2016 , in the Sierra Nevada). Because it runs off, this excess P does not generate extra plant-available water storage for the following summer. The result is that high year-to-year variations in P at both sites do not result in highly variable ET due to the storage-limited nature of the two study catchments (Figure 12b ).
Development of the Subsurface Critical Zone Structure
Recent theories have identified the importance of tectonics, lithology, and climate in governing the development of the subsurface CZ (Anderson et al., 2013; Rempe & Dietrich, 2014; Riebe et al., 2017; St. Clair et al., 2015) . The thickness of the subsurface CZ is determined by the difference between the ground surface topography and the elevation of the transition from weathered to fresh bedrock. The slope of the fresh bedrock boundary that we observe at our Central Belt mélange site between the ridgetop wells and Dry Creek (supporting information Figure S2 ) is essentially the same as the slope of the topographic surface, and fresh bedrock outcrops in the channel (i.e., the subsurface CZ is thin), whereas in the Coastal Belt, fresh bedrock also outcrops in the channel, but the fresh bedrock surface slope is considerably less than the average topographic slope, resulting in a thick CZ at the topographic divide. Motivated in part by observations in the Coastal Belt, Rempe and Dietrich (2014) propose that the slope of the fresh bedrock surface may represent the extent to which fresh bedrock can be drained of the chemically equilibrated, nearly stagnant fluid that resides within it as it is uplifted. They propose that channel incision couples the evolution of surface topography with the evolution of the subsurface weathering profile by setting the pace of hillslope erosion and by mediating the slow drainage of fresh bedrock. In their model, the slope of the fresh bedrock surface depends, in part, on the saturated hydraulic conductivity of the fresh bedrock. Other bedrock weathering models point to the intrinsic differences in porosity of different rock types: Bazilevskaya et al. (2013) , for example, interpreted an approximately tenfold deeper weathering front in granite compared to diabase to arise from significant fracturing and interconnected porosity in the granite, enabling the advection of oxygen to fresh mineral surfaces.
At Sagehorn (in the Central Belt), the hummocky topography indicates that earthflows were active in the past and extended from the ridge to the major channels (Dry and Hank). This ridge-to-channel slope creates a sustained head gradient in the underlying saturated fresh mélange but appears to have caused insignificant drainage in this dense, likely very low saturated conductivity material: The depth to fresh saturated bedrock at the divide is only a few meters. Frequent saturation overland flow results in localized surface erosion and the development of small valley networks that have cut into the stagnant earthflow features, creating a dense channel system bordered by convex hillslopes with a local relief of about 20 m (Figure 3 and supporting information Figure S6 ). Even these local ridges generate saturation overland flow in the winter, consistent with a shallow depth to fresh, low conductivity mélange, even in locally steeper areas.
We suggest that the mélange may represent an extreme end-member of low saturated conductivity, such that topographically driven head gradients are ineffective in causing drainage. Instead, given the shallow depths to fresh bedrock, water extraction-and thus weathering due to the introduction of oxygen and replacement of meteoric reactive water-may be driven only by transpiration and evaporation. In effect, the "bottom up" control is so strong-preventing deep lateral drainage-that the weathering front can only advance from these surface-driven processes. If so, the weathering front is strongly tied to the vegetation. The~3-m depth to fresh bedrock in predominantly grassland areas may therefore reflect water extraction from previously widespread native perennial grasses, which have deeper roots than the present invasive annual grassland community (Dyer & Rice, 1999; Holmes & Rice, 1996) .
Once drained, the Coastal Belt and Central Belt weather very differently. The shales of the Coastal Belt rapidly undergo slaking upon experiencing wetting and drying cycles, with rock disaggregating into millimeter-to centimeter-scale fragments once at the surface. This process is readily observable in previously saturated stream cobbles (supporting information Figure S7 ) as well as freshly incised bedrock channels and may, along with pyrite oxidation and mineral dissolution, create a network of fractures in the weathered rock zone that conveys water and holds a significant portion of the seasonally dynamic water storage. In contrast, augering observations and exposed stream cuts in the Central Belt suggest that weathered mélange matrix can deform in a manner that may tend to seal fractures, inhibiting the movement of water.
Together, these observations suggest that the distinct mineralogy and/or tectonic history between the Belts of the Franciscan result in different subsurface CZ structure in spite of similar bulk elemental composition, climate, and uplift history. The large differences in CZ structure have important ecohydrological consequences as they directly affect hillslope runoff pathways and seasonal water storage, and ultimately the composition and productivity of the ecosystems covering the landscape.
Conclusions
Adjacent plant communities and runoff patterns in the Northern California Coast Ranges vary strongly within a region of similar precipitation and temperature due to differences in the weathering of the underlying bedrock. Mixed broadleaf-needleleaf evergreen forests primarily inhabit the deeply weathered argillite and sandstones of the Coastal Belt, whereas a deciduous oak savanna-woodland with annual herbaceous ground cover inhabits the thinly weathered Central Belt mélange. Here we present direct evidence for lithologically controlled differences in bedrock weathering and water storage that explain these surface plant communities at regional (>100-km) scales. At our two field sites, we employ a unit hillslope approach in which we intensively monitored ecohydrologic processes on a hillslope within each rock type to explain ecological, runoff, and water budget differences observed at the catchment and regional scale. We find that subsurface dynamic water storage capacity scales with the depth of weathering. The Coastal Belt has a deep weathered zone-up to 30 m at ridgetops-and stores approximately 4 times more water seasonally than the Central Belt mélange, where fresh, unweathered parent material is found just~2 to 4 m below the surface. Forests are sustained by the relatively high water content held at physiologically accessible water potentials within the hillslopes of the Coastal Belt. In the Central Belt mélange, less than 200 mm of precipitation leads to saturation of the subsurface, prompting widespread saturation overland flow and flashy stream runoff. This arises due to minimal water storage capacity and results in dry channel networks in the summer. Low water storage capacity results in low plant water availability and a community dominated by annual grasses and oaks that can extract tightly held water despite receiving~1,800 mm of annual precipitation. A further factor likely limiting the establishment of the needleleaf tree P. menziesii (Douglas fir) is a seedling recruitment bottleneck due to the seasonal ground saturation. The differences in plant-available water availability between the two sites would not have been apparent from a study of the soils alone; the large differences in plant-available water storage capacity stem primarily from differences in the depth and extent of weathering in the bedrock underlying the soils.
Both sites are in areas of active uplift and channel incision, which will tend to drain the fresh bedrock and advance the weathering front. The underlying fresh Central Belt mélange bedrock, however, remains undrained (and unoxidized) even as channel incision drives hillslope evolution. This observation supports a "bottom-up" theory for control on depth to fresh bedrock. In the mélange, we propose that this control is so strong that the drainage and advance of the weathering front (and corresponding development of porosity and water storage capacity) is accomplished by evaporation and transpiration withdrawal of moisture from the bedrock. In this seasonally dry Mediterranean climate, the extent to which the subsurface CZ sheds or stores precipitation during the wet season dictates dry season water availability and therefore the composition and productivity of ecosystems. Subsurface CZ water storage capacity regulation of plant water availability and community composition is likely widespread in seasonally dry climates. Deep drilling, intensive hydrologic monitoring on unit hillslopes, and catchment-wide storage analysis will help provide greater insight into the role of weathered bedrock in determining vegetation assemblages.
